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Abstract
Sialosylcholesterol induces the differentiation of astrocytes with respect to their morphological appearance (Kato et al.,
Brain Res. 438 (1988) 277^285; Ito et al., 481 (1989) 335^343), while in a cell-free condition it depolymerizes the astrocyte
cellular filaments, the glia filaments and microfilaments (Ito et al., J. Neurochem. 61 (1993) 80^84). To solve this paradox, we
examined hetero-interaction between the glia filaments and microfilaments in the presence of sialosylcholesterol. Each
filament was prepared in a depolymerized form in low ionic strength, and was adjusted to physiological ionic strength to
prevent from repolymerization by sialosylcholesterol. When the two filament preparations in this form were mixed,
repolymerization took place in spite of the presence of sialosylcholesterol. The filament formed in the mixture was found
almost exclusively composed of vimentin and actin, the major component of the glia filaments and microfilaments
preparation, respectively. An excess amount of vimentin over actin in the precipitate implicated that the main mechanism for
the hetero-polymerization was the enhancement of vimentin polymerization by actin. To support this view, pre-
polymerization of the microfilaments before mixing with the depolymerized glia filaments resulted in a marked decrease in
polymerization of the glia filaments. A similar hetero-interaction was found between the purified vimentin and actin. When
polymerized vimentin and actin were directly depolymerized by sialosylcholesterol and mixed, polymer formation was
demonstrated between these two proteins. Electronmicroscopy indicated direct interaction of the actin filament with the
vimentin filament. The results indicate that sialosylcholesterol induces reorganization of the cellular filament network, such
as disorganization of vimentin and actin filaments, and provokes their hetero-interaction to form the hetero-filament. Hence,
this may be one of the key mechanisms for the induction of cellular differentiation by sialocylcholesterol. ß 2000 Published
by Elsevier Science B.V. All rights reserved.
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1. Introduction
The cytoskeleton plays essential roles in various
biological functions of the cell, including migration,
signal transduction, transport of materials, cell pro-
liferation and di¡erentiation [1^4]. In astrocytes, glia
¢laments (GFs) and micro¢laments (MFs) are both
considered to play central roles in their various func-
tional networks for the proliferation and di¡erentia-
tion of these cells [5,6]. The major components of the
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Abbreviations: EGTA, ethylene glycol-bis(L-aminoethyl
ether)-N,N,NP,NP-tetraacetic acid; GF, glia ¢lament; GFAP, glial
¢brillary acidic protein; HEPES, N-2-hydroxyethylpiperazine-NP-
2-ethanesulfonic acid; MF, micro¢lament; PIPES, piperazine-
N,NP-bis(2-ethanesulfonic acid); PMSF, phenylmethylsulfonyl-
£uoride; S1, heavy meromyosin subfragment 1; SC, K2-sialosyl-
cholesterol ; SDS-PAGE, electrophoresis in 10% polyacrylamide
gel in the presence of 0.5% sodium dodecylsulfate
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GFs are glial ¢brillary acidic protein (GFAP) and
vimentin, though the latter is much more abundant
in immature astrocytes [2,7].
We previously reported that K-sialosylcholesterol
(SC), a synthetic glycolipid, induced the di¡erentia-
tion of rat astrocytes with respect to morphological
appearance when it was incorporated into the cyto-
plasm [8^10]. It is expected that the cellular ¢lament
system is more highly organized upon cellular di¡er-
entiation. However, SC unexpectedly prevented the
repolymerization of the depolymerized ¢lament prep-
arations in vitro, not only MFs and GFs, but also
their major components actin and vimentin [11,12].
Interestingly, GFs were shown to interact with
other types of ¢laments, such as microtublules and
MFs in astrocytes, but the mechanism and function
of such a hetero-interaction are largely unknown
[13,14]. We have also shown in vitro that vimentin
promotes actin polymerization by forming a ‘trigger’
heteropolymer when actin and vimentin are mixed
after depolymerization by SC [15]. These ¢ndings
suggest that cellular cytoskeleton ¢laments can be
reorganized to form ¢laments based on hetero-inter-
actions between ¢lament proteins. Based on these
¢ndings, we tested the hypothesis that SC induces
hetero-polymerization of actin and vimentin that
leads to vimentin polymerization, as one of the po-
tential mechanisms by which SC induces astrocyte
di¡erentiation.
2. Materials and methods
2.1. Micro¢laments and glia ¢laments
Astrocytes were prepared from the cerebrums of
17-day-old fetal Wistar rats as previously described
[16]. MFs and GFs were prepared in their depoly-
merized forms in low ionic strength by extraction
from crude cytoskeletal fractions of rat astrocytes
as previously reported [11,12]. Depolymerized MFs
were prepared from a crude cytoskeletal fraction, the
13 000 gU30 min pellet of rat astrocytes treated with
0.15% Triton X-100/PHEM bu¡er consisting of
0.15% Triton X-100, 60 mM PIPES, 25 mM HEPES,
10 mM EGTA, 2 mM MgCl2, 1 mM PMSF, and
0.5 mM antipain, pH 6.9, at room temperature for
2 min. This fraction was incubated in the MF bu¡er
(2 mM Tris-HCl, 0.5 mM 2-mercaptoethanol, 1 mM
PMSF, 0.2 mM antipain, and 0.2 mM CaCl2, pH
5.0) at 4‡C for 60 min. After adding Na2ATP to
the incubation mixture at in ¢nal concentration of
1 mM, depolymerized MFs was obtained as the
supernatant by centrifugation at 100 000Ug for 1 h.
The major protein of this preparation was actin, ap-
proximately 25% assessed by Coomassie brilliant
blue staining after electrophoresis in 10% polyacryl-
amide gel in the presence of 0.5% sodium dodecyl-
sulfate (SDS-PAGE) [12]. To prepare depolymerized
GFs, the crude cytoskeletal fraction was depolymer-
ized with the GF bu¡er (2 mM Tris-HCl, 0.2 mM
Na2ATP, 0.5 mM 2-mercaptoethanol, 0.2 mM anti-
pain, 1 mM PMSF, and 0.2 mM EDTA at pH 8.0)
containing 30 Wg/ml of phalloidin by incubating at
37‡C for 1 h. The supernatant obtained after centri-
fugation at 100 000Ug for 1 h was used as the GFs
preparation. The major proteins of this preparation
was vimentin (65%) and GFAP (5%) by assessed
SDS-PAGE [12].
2.2. Repolymerization of the ¢lament
Both depolymerized GF and MF preparations
were polymerized in high ionic strength by changing
the bu¡er to the same one containing 150 mM NaCl
and 10 mM MgCl2 at 37‡C for 60 min. The poly-
merized and precipitated proteins from the MFs con-
tained actin (95%) and those from the GFs contained
70% vimentin and 8% GFAP [12]. Such ¢lament for-
mation can be prevented by the presence of 7.5^
30 WM SC (provided by MECT, Tokyo, Japan) in
the mixture and the previously formed ¢laments are
depolymerized by adding the same amount of SC
[11]. The ¢laments formed were precipitated by cen-
trifugation (100 000Ug, 1 h) and analyzed by electro-
phoresis in SDS-PAGE. Actin and vimentin were
identi¢ed by immunoblotting by using a monoclonal
antibody speci¢c to the respective protein (anti-actin
monoclonal antibody from ENZO diagnostics, and
anti-vimentin monoclonal antibody IFO1, oncogene
Science). The extent of ¢lament polymerization was
also estimated by scanning densitometry of a vimen-
tin band and an actin band on a polyacrylamide gel
stained with Coomassie brilliant blue at 600 nm with
Shimadzu CS9000 [11,12]. The reconstituted ¢lament
was negatively stained with 1% uranyl acetate for
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electronmicroscopy. Repolymerization of actin and
vimentin was examined in the same manner.
Vimentin was isolated from the bovine lenses ac-
cording to the method of Geisler et al. [17] to a
purity greater than 99% assessed by SDS-PAGE. De-
polymerized actin (G-actin) puri¢ed from rabbit
muscle to a similar level was a generous gift by the
late Dr. T. Hozumi (Department of Physiology, Na-
goya City University Medical School). Formation of
the vimentin and actin ¢laments was monitored by
measuring the optic absorbance of 350 nm at 25‡C in
GF bu¡er 0.15 M NaCl. After completion of the
reaction by incubation for 60 min, SC was added
to each solution (30 WM) and depolymerization was
monitored at 350 nm. After 60-min incubation for
depolymerization, the two solutions were mixed
and repolymerization was monitored.
3. Results
For the GF preparation, major component is vi-
mentin, the ionic strength was changed to physiolog-
ical saline (0.15 M NaCl), but the proteins were pre-
vented from polymerization in 15 WM SC. The
depolymerized MF preparation, major component
is actin, was also maintained in the depolymerized
state by SC. The SC-treated MF preparation was
added to the SC-treated GF preparation at a concen-
tration of 2.5 Wg protein/200 Wl and the centrifuged
pellet of the mixed solution was analyzed by SDS-
PAGE (Fig. 1). Slight precipitation of vimentin was
observed with actin, a minor component of the GF
preparation, even in the SC-treated GF preparation
before mixing with the MF preparation. When the
MF preparation was mixed with the GF preparation,
the vimentin precipitation markedly increased. An
increase of GFAP precipitation was also observed.
Vimentin and GFAP precipitation was increased
more than ten times by adding MFs to GFs concen-
trations of 6.25^12.5 Wg/200 Wl (Fig. 1, lanes a^d),
but changed only moderately at a GFs concentration
of 25 Wg/200 Wl (Fig. 1, lanes e and f). MFs enhanced
the vimentin-GFAP precipitation in a dose-depen-
dent manner in the presence of 15 WM SC. At 8 Wg
protein/200 Wl, the precipitation reached the equiva-
lent level to that achieved in the absence of SC (data
not shown). The data suggested that the limiting
factor to vimentin precipitation is the amount of ac-
tin in the mixture.
An electron micrograph of the GF preparation
demonstrated formation of the short glia ¢laments-
like ¢lament in high ionic strength even in the
presence of 15 WM SC (204 þ 44 nm for 11 ¢elds),
and adding the SC-treated MF preparation induced
the elongation of this ¢lament (567 þ 112 nm for
11 ¢elds). Typical appearance of the ¢laments is
shown in Fig. 2. Thus, it is possible that the increase
of vimentin precipitation was due to the elongation
of the ¢lament.
In order to know whether or not the ¢lament elon-
Fig. 1. Induction of repolymerization of GF vimentin by de-
polymerized MFs in the presence of SC. Various concentrations
of the GFs protein (lanes a and b, 6.25 Wg/200 Wl ; lanes c and
d, 12.5 Wg/200 Wl ; lanes e and f, 25 Wg/200 Wl) with or without
2.5 Wg/200 Wl of the MFs pretreated with 15 WM SC were incu-
bated at 37‡C for 1 h in the GFs bu¡er in the presence of
15 WM SC, 150 mM NaCl, and 10 mM MgCl2. After centrifu-
gation (100 000Ug for 1 h), the pellet was analyzed by SDS-
PAGE. Lanes a, c and e are controls without MFs. The SC-
pretreated MFs were in a non-polymerized form, since any ¢la-
mentous structures that might be formed in the presence of
15 mM SC, 100 mM KCl, and 10 mM MgCl2 were removed
by centrifugation prior to the application.
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gation in the GF preparation is induced by the MF
proteins in its depolymerized form or polymerized
form, the previously re-polymerized form of MFs
in high ionic strength bu¡er was examined for induc-
tion of vimentin precipitation in the GFs preparation
in the presence of SC (Fig. 3). While the depolymer-
ized form of MFs (5 Wg/200 Wl) enhanced the poly-
merization of the GF preparation (7.5 Wg/200 Wl) by
6-fold, the re-polymerized MFs did so only 2-fold.
Bovine serum albumin did not promote the GF poly-
merization (data not shown). The ¢ndings thus
showed that the non-polymerized state of MFs is
mainly responsible for GFs polymerization in the
presence of SC.
Since enhancement of the GFs formation by the
MF preparation mainly seems attributed to the co-
precipitation of vimentin and actin, the main compo-
nents of the GFs and MFs preparations, respectively,
it appears that a direct interaction between these
proteins is an underlying mechanism for ¢lament for-
Fig. 2. Electron micrographs of glia ¢laments-like ¢laments reconstituted from the GFs preparation in the presence or absence of
MFs. The GF preparation (15 Wg/200 Wl) was polymerized with (right panel) or without (left panel) the MFs preparation (5 Wg/200
Wl) in the presence of 15 WM SC, 150 mM NaCl, and 10 mM MgCl2 at 37‡C for 1 h. The polymerized specimens were negatively
stained with 1% uranyl acetate. The photographs were randomly chosen from numerous ¢elds of the specimens. Aggregate mass of
GFs was hardly detectable.
C
Fig. 3. E¡ect of depolymerized MFs and the micro¢laments-
like ¢laments reconstituted from the MF preparation on the en-
hancement of vimentin polymerization obtained from the GF
preparation. The GF preparation (7.5 Wg/200 Wl) was incubated
in the presence of 15 WM SC, 150 mM NaCl, 10 mM MgCl2,
with either the depolymerized MFs (lane a, 0 Wg/200 Wl ; lane d,
1 Wg/200 Wl ; lane e, 5 Wg/200 Wl) or the micro¢laments-like ¢la-
ments (lane b, 1 Wg/200 Wl ; lane c, 5 Wg/200 Wl) reconstituted
from the MFs preparation by increasing ionic strength to 100
mM KCl and 10 mM MgCl2 at 37‡C for 1 h. After centrifuga-
tion (100 000Ug, 1 h), the pellet was analyzed by SDS-PAGE.
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mation in the presence of SC. Therefore, we exam-
ined whether actin induces the polymerization of vi-
mentin in the presence of SC (Fig. 4). In this case, a
preparation of puri¢ed G-actin (from rabbit skeletal
muscle) pretreated with 7.5 WM SC was added to a
preparation of puri¢ed vimentin (from bovine lens)
that was likewise kept depolymerized by 7.5 WM SC.
As can be seen in Fig. 4, ¢lament formation, mea-
sured as an increase of vimentin precipitation, is de-
pendent upon the concentration of actin with 3 Wg/
200 Wl giving maximum precipitation. Electron mi-
croscopic examination of this preparation con¢rmed
that G-actin induced the elongation of vimentin ¢la-
ments in the presence of 7.5 WM SC (data not
shown).
Filament formation was photometrically moni-
tored by measuring the absorbance at 350 nm (Fig.
5). Actin and vimentin were polymerized rapidly in a
bu¡er of physiological ionic strength, 150 mM NaCl
and 10 mM MgCl2, to reach a maximum within 10
min (Fig. 5A,B). Depolymerization of the actin ¢la-
ment and vimentin ¢lament was observed in the pres-
ence of 30 WM SC (Fig. 5C,D). When depolymerized
actin ¢laments and depolymerized vimentin ¢laments
were mixed in the presence of 30 WM SC, the ¢la-
ment formation was initiated and increased linearly
(Fig. 5E) for at least 60 min (Fig. 5E, inset).
Finally, we attempted visual demonstration of di-
Fig. 4. Vimentin polymerization by actin in the presence of SC. Vimentin isolated from bovine lenses (lanes 1^4, 5 Wg/200 Wl ; lanes 5^
8, 7.5 Wg/200 Wl ; lanes 9^12, 15 Wg/200 Wl) was incubated with G-actin isolated from rabbit skeletal muscle (lanes 1, 5 and 9, 0 Wg/200
Wl ; lanes 2, 6 and 10, 1 Wg/200 Wl ; lanes 3, 7 and 11, 3 Wg/200 Wl ; lanes 4, 8 and 12, 5 Wg/200 Wl) in the presence of 7.5 WM SC, 150
mM NaCl and 10 mM MgCl2 at 37‡C for 1 h. After centrifugation (100 000Ug, 1 h), the precipitant was analyzed in 10% SDS-
PAGE.
6
Fig. 5. Filament formation of actin and vimentin under depoly-
merization condition in the presence of SC. Actin, 150 Wg/ml,
(A) or vimentin at the same concentration (B) were incubated
in the GFs bu¡er containing 150 mM NaCl and 10 mM MgCl2
at 25‡C. Filament formation was monitored by measuring ab-
sorbance at 350 nm for the initial 10 min. After a 60-min incu-
bation, 30 WM SC was added to each preparation and the de-
polymerization of actin-containing ¢laments (C) and vimentin-
containing ¢laments (D) was monitored in the same manner.
After a further 60-min incubation, the solutions of depolymer-
ized actin and vimentin ¢laments were mixed and assayed for
the regeneration of ¢laments, again being determined by moni-
toring the absorbance at 350 nm (E). All of these procedures
occurred at 25‡C
BBAMCR 14592 17-2-00
J.-i. Ito, S. Yokoyama / Biochimica et Biophysica Acta 1495 (2000) 195^202 199
rect interaction of actin with vimentin. In negatively
stained preparations, G-actin was found to form
short F-actin in high ionic strength bu¡er in the
presence of SC (15 WM, data not shown). When
G-actin was used to enhance ¢lament formation of
vimentin at 37‡C in the presence of 15 WM SC, we
found a direct connection between the vimentin ¢la-
ment and F-actin ¢lament (Fig. 6). As can be seen in
the electron micrograph, heavy meromyosin subfrag-
ment 1 (S1) was used to distinguish the actin ¢la-
ments (S1-decorated) from the vimentin ¢laments
(undecorated). This technique failed to demonstrate
interaction of G-actin with the vimentin ¢laments,
since S1 does not label G-actin.
4. Discussion
In previous studies, we reported the suppression of
polymerization of the GF and MF preparations by a
synthetic glycolipid SC [11,12,15], and by ganglio-
sides, GM1, GM2, or GM3 [18]. This ¢nding was
apparently paradoxical since SC induces di¡erentia-
tion of the morphological appearance of the astro-
cytes in culture. However, we later demonstrated the
apparent ¢lament formation when the GF and MF
preparations were mixed in the presence of SC in
vitro, and vimentin and actin were identi¢ed in the
¢lament formed [15]. Therefore, we postulated that
the hetero-interaction of vimentin and actin was in-
duced in the presence of SC, although it generally
suppresses ¢lament formation.
In this study, we directly demonstrated that de-
polymerized vimentin and actin by SC form ¢laments
by hetero-interactions between these two proteins in
the presence of SC. The ¢ndings suggest that actin in
the MFs preparation enhances vimentin ¢lament for-
mation from the GF preparation in the presence of
SC. Since the pre-polymerized MFs hardly enhanced
vimentin ¢lament formation, it is likely that ¢lament
formation is triggered by direct interaction of the
depolymerized actin with the depolymerized vimen-
tin.
SC at 7.5 WM suppressed the polymerization of the
MF and GF preparations in vitro, while at least
15 WM SC was necessary in situ to induce both cy-
toskeletal reorganization and morphological di¡eren-
tiation in rat astrocytes [8,9]. This di¡erence impli-
cates the resistance to SC of the natural MFs or GFs
that exist in cytosol. The presence of interactions
between two di¡erent cytoskeletons in cells may be
responsible for such resistance since our in vitro ex-
perimental ¢ndings showed that the inhibitory e¡ect
of SC on ¢lament formation was weaker on the MF
or GF preparation than that on pure actin or vimen-
tin [11].
Direct interaction between actin and vimentin
seems to be a major factor to mediate interaction
between the MF and GF preparations in the pres-
ence of SC. This was demonstrated by enhancement
of vimentin ¢lament formation by G-actin in the
presence of SC (Fig. 4). Regeneration of the ¢lament
was also demonstrated when the depolymerized actin
and vimentin ¢laments by SC were mixed in the
presence of 30 WM SC, (Fig. 5).
Electron microscopic observations showed that ¢l-
aments were formed from the GF preparation alone
even in the presence of 30 WM SC. However, the
¢laments appeared short, incomplete and hardly de-
tectable in the assay system employed. Small
amounts of depolymerized MFs induced elongation
Fig. 6. Direct interaction of vimentin ¢laments with actin ¢la-
ments. G-actin, 4 Wg/100 Wl, and vimentin, 4 Wg/100 Wl, were in-
cubated with 100 mM KCl and 10 mM MgCl2 at 37‡C for 1 h
in the presence of 15 WM SC and 20 Wg/100 Wl S1. The recon-
stituted ¢lament was negatively stained and examined by elec-
tronmicroscopy. A, S1-decorated F-actin; B, vimentin ¢lament;
and C, junction of F-actin and vimentin ¢laments.
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of this ¢lament to complete the ¢lament structure
(Fig. 2). However, this ¢lament is still shorter than
the vimentin or actin ¢lament formed in high ionic
strength bu¡er without SC (data not shown). Thus,
although SC depolymerizes the intracellular MFs
and intermediate ¢laments, the shorter ¢laments
may still remain. Since pure vimentin ¢lament struc-
tures are more susceptible to SC treatment than the
mixed-¢lament of actin and vimentin, remaining ¢l-
aments may substantially include hetero-¢laments of
vimentin with actin that is present as a minor com-
ponent of the GF preparation or as a major compo-
nent of the MF preparation.
SC may also actively induce ¢lament formation as
demonstrated in this paper. Thus, SC potentially
causes reorganization of the intracellular ¢lament
network, and it may eventually result in di¡erentia-
tion of the cells. Electronmicroscopy suggested the
connection of vimentin ¢lament and S1-treated F-
actin in the presence of SC (Fig. 6). Similar observa-
tions were reported by Hollenbeck et al. [19], by us-
ing an immunohistochemical technique, that cyto-
chalasin D induced redistribution of collapsed
vimentin ¢laments in mouse embryonic ¢broblasts
when treated with colcemid, a microtubule-depoly-
merizing drug. This observation suggested the induc-
tion of interactions between vimentin ¢laments and
microtubules and between vimentin ¢laments and
micro¢laments. Recently, the possibility of the vi-
mentin^actin interaction was more directly suggested
by using recombinant vimentin tail domain peptide
[20].
We focused on the interaction between actin and
vimentin in this work since the major component of
GFs of immature astrocytes is vimentin. It is reason-
able to assume that the interaction between the ma-
jor components of GFs and MFs is a major event
when the two ¢laments are reorganized by SC. How-
ever, other interactions such as the actin^GFAP in-
teraction may also be important in this process. We
intend to investigate whether actin interacts with
GFAP in order to characterize the reorganization
of the cellular ¢lament networks. It is also an impor-
tant question how SC works on the ¢laments to dis-
organize their structure and allow only hetero-inter-
actions between di¡erent ¢lament proteins to lead to
the reorganization of the cytoskeleton.
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